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Self-supported  gel  polymer  electrolyte  (GPE)  was  prepared  based  on  copolymer,  poly(methyl 
methacrylate-acrylonitrile-vinyl  acetate)  (P(MMA-AN-VAc)).  The  copolymer  P(MMA-AN-VAc)  was 
synthesized  by  emulsion  polymerization  and  the  copolymer  membrane  was  prepared  through  phase 
inversion.  The  structure  and  the  performance  of  the  copolymer,  the  membrane  and  the  GPE  were  character¬ 
ized  by  FTIR,  NMR,  SEM,  XRD,  DSC/TG,  LSV,  CA,  and  EIS.  It  is  found  that  the  copolymer  was  formed  through 
the  breaking  of  double  bond  C=C  in  each  monomer.  The  membrane  has  low  crystallinity  and  has  low  glass 
transition  temperature,  39.1  °C,  its  thermal  stability  is  as  high  as  310  °C,  and  its  mechanical  strength  is 
improved  compared  with  P(MMA-AN).  The  GPE  is  electrochemically  stable  up  to  5.6  V  (vs.  Li/Li+)  and  its 
conductivity  is  3.48  x  10-3  Scrrr1  at  ambient  temperature.  The  lithium  ion  transference  number  in  the 
GPE  is  0.51  and  the  conductivity  model  of  the  GPE  is  found  to  obey  the  Vogel-Tamman-Fulcher  (VTF) 
equation. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Among  the  commercial  rechargeable  batteries,  lithium  ion  bat¬ 
tery  has  highest  energy  density,  thus  finds  its  wider  application 
than  any  other  rechargeable  battery.  However,  lithium  ion  battery 
faces  serious  safety  problem,  which  results  from  the  use  of  liquid 
electrolyte  containing  flammable  organic  solvents.  This  problem 
can  be  solved  by  using  solid  polymer  electrolyte  (SPE)  without  any 
solvent  molecules.  But  the  low  ionic  conductivity  of  SPE,  about 
1  x  10-5  S  cm-1  at  room  temperature,  which  is  three  decades  lower 
than  that  of  the  conventional  liquid  electrolyte,  is  not  suitable  for 
the  lithium  ion  battery  use.  Gel  polymer  electrolyte  (GPE),  which 
uses  polymer  as  a  matrix  to  convert  liquid  organic  solvents  into  gel, 
is  an  alternative  to  SPE  for  solving  the  safety  problem  of  lithium  ion 
battery  [1,2].  So  far,  many  polymers  have  been  reported  to  be  used 
as  matrixes  for  GPE,  such  as  poly(vinylidenefluoride)  (PVDF)  [3,4], 
polyacrylonitrile  (PAN)  [5],  poly(methyl  methacrylate)  (PMMA)  [6], 
polyethylene  oxide)  (PEO)  [7],  polyvinyl  chloride  (PVC)  [8].  How¬ 
ever,  the  GPEs  based  on  these  matrixes  are  formed  by  the  same 
monomers,  thus  lack  good  comprehensive  performance.  For  exam- 
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pie,  mechanical  strength  is  good  but  ionic  conductivity  is  poor  and 
vice  versa. 

The  poor  comprehensive  performance  of  the  GPE  with 
monopolymer  as  matrix  can  be  improved  to  different  extents  by 
using  copolymers  from  monomers  with  different  functions.  For 
example,  the  performance  of  the  GPE  with  PMMA  or  PAN  as 
matrix  can  be  improved  by  using  the  copolymer  of  MMA  and 
AN  [9-12].  This  paper  develops  a  new  copolymer,  poly( methyl 
methacrylate-acrylonitrile-vinyl  acetate)  (P(MMA-AN-VAc)),  to 
obtain  a  GPE  with  good  comprehensive  performance  by  employ¬ 
ing  the  individual  advantages  of  MMA,  AN  and  vinyl  acetate  (VAc). 
AN  provides  the  copolymer  with  good  processability,  electrochem¬ 
ical  and  thermal  stability  [13].  MMA  provides  the  copolymer  with 
good  electrolyte  uptake  and  reduce  the  brittleness  of  the  copoly¬ 
mer  due  to  the  use  of  AN  [14-16].  VAc  provides  the  GPE  with 
strong  adhesion  to  the  anode  or  cathode  materials  and  excellent 
mechanical  stability  [17].  Compared  with  P(MMA-AN)-based  GPE, 
P(MMA-AN-VAc)-based  GPE  has  higher  ionic  conductivity,  better 
mechanical  strength,  electrochemical  and  thermal  stability. 

2.  Experimental 

2.1.  Preparation 

Commercial  MMA  (>99.5%),  AN  (>99.5%)  and  VAc  (>99.5%) 
were  distilled  in  vacuum  to  remove  the  aggregation  inhibitor.  The 
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monomers,  MMA,  AN  and  VAc,  were  mixed  in  mole  ratio  of  1:2:1. 
The  used  ratio  of  MMA  to  AN  in  this  work  was  based  on  our  previ¬ 
ous  results  for  P(MMA-AN)  preparation  [2].  Sodium  dodecyl  sulfate 
(SDS)  as  an  emulsifier  was  dissolved  in  the  deionized  water  with 
a  concentration  of  1.5  wt%  to  form  a  homogeneous  emulsion  solu¬ 
tion  under  N2  flow  at  60  °C,  then  the  monomer  mixture  was  added 
into  emulsion  solution  under  stirring  vigorously  (1000  rpm)  for  6  h. 
During  the  reaction,  0.15  wt%  sodium  persulfate  (NaPS)  as  an  ini¬ 
tiator  was  added  into  the  emulsion  solution  in  two  batches.  The 
resulting  solution  was  poured  into  3  wt%  AI2SO4  solution  to  yield 
the  precipitate,  which  was  isolated  by  filtration  and  washed  with 
the  hot  deionized  water  and  ethanol  successively  for  the  removal 
of  any  impurities  such  as  residual  monomers  and  emulsifier.  The 
product  of  white  powder  was  obtained  by  drying  the  cleaned  pre¬ 
cipitate  in  a  vacuum  oven  at  60  °C  for  24  h  and  kept  in  a  desiccator 
for  membrane  preparation. 

The  prepared  P(MMA-AN-VAc)  copolymer  was  dissolved  at 
a  concentration  of  7wt%  in  dimethylformamide  (DMF)  at  80  °C 
for  30  min.  After  complete  dissolution,  the  resulting  viscous  solu¬ 
tion  was  cast  with  a  doctor  blade  onto  a  glass  plate,  inducing 
phase  inversion.  The  resulting  membrane  was  washed  with  run¬ 
ning  water,  immersed  in  deionized  water  for  2  h,  dried  in  vacuum 
at  60  °C  for  24  h  and  finally  porous  membrane  was  obtained. 

In  order  to  obtain  GPE,  the  porous  membrane  was  immersed 
in  an  electrolyte  solution,  1 M  LiPF6  in  ethylene  carbonate 
(EC)/dimethyl  carbonate  (DMC)/diethyl  carbonate  (DEC)  (1:1:1  in 
mass)  for  30  min  in  an  argon-filled  glove  box  (Mikrouna). 

2.2.  Characterization 

The  structure  of  the  copolymer  was  characterized  by  Fourier 
transform  infrared  (FTIR)  (Perkin  Elmer  Spectrograph)  in  the  range 
of 450-4000  cm-1 ,  nuclear  magnetic  resonance  (NMR)  (Varian  400 
Spectrometer,  USA)  employing  dimethyl  sulphoxide  (DMSO)  as  the 
solvent  at  60  °C  and  X-ray  diffraction  (XRD)  (Rigaku  D/MAX-RC, 
Japan)  in  the  degree  range  from  5°  to  90°.  The  morphology  of 
the  polymer  membrane  was  characterized  by  scanning  electron 
microscopy  (SEM)  (JEOL,  JSM-6380LV,  Japan)  at  an  acceleration 
voltage  of  15  kV.  The  differential  scanning  calorimetry  (DSC)  traces 
and  the  thermogravimetric  analysis  (TGA)  were  obtained  using  a 
Netzsch  DSC  200-PC  and  Netzsch  STA-409PC  analyser  instrument  to 
survey  the  glass  transition  temperature  and  thermal  stability  of  the 
membrane.  Mechanical  strength  of  the  membrane  was  measured 
on  Gotech  GT-TS-2000. 

The  electrochemical  stability  of  the  GPE  was  determined  on 
the  electrochemical  instrument  (CFII650B,  Shanghai)  by  the  lin¬ 
ear  sweep  voltammetry  (LSV)  with  the  cell  Li/GPE/stainless  steel 
(SS).  The  SS  was  used  as  working  electrode  and  the  lithium  as 
the  reference  and  the  counter  electrodes.  The  potential  scan¬ 
ning  rate  is  1  mVs-1.  The  lithium  ion  transference  number  was 
measured  by  the  combination  of  chronoamperometry  (CA)  and 
electrochemical  impedance  spectroscopy  (EIS)  using  a  symmetrical 
cell  Li/GPE/Li.  The  ionic  conductivity  of  the  GPE  was  measured  with 
a  cell  SS/GPE/SS  by  EIS  with  ac  amplitude  of  10  mV  from  100  kFIz  to 
1Hz. 

3.  Results  and  discussion 

3  A.  FTIR  spectrum 

Fig.  1  presents  the  FTIR  spectra  of  monomers,  MMA,  AN  and 
VAc,  and  their  copolymer,  P( MMA- AN- VAc).  The  characteristic 
adsorption  peaks  of  MMA  are  at  1638  cm-1  for  the  bond  C=C  and 
1729  cm-1  for  the  stretching  bond  C=0  [18,19].  The  AN  is  char¬ 


acteristic  of  the  adsorption  peaks  at  1619  and  2239  cm-1,  which 
corresponds  to  the  bonds  C=C  and  C=N,  respectively  [2,12].  The  VAc 
shows  its  characteristic  absorption  at  1648  and  1761  cm-1,  which 
corresponds  to  the  bonds  C=C  and  C=0,  respectively  [20].  Compar¬ 
ing  the  FTIR  spectrum  of  the  copolymer  with  those  of  monomers, 
it  can  be  seen  that  the  copolymer  still  keeps  the  absorptions  at 
1730  cm-1  (bond  C=0)  and  2242  cm-1  (bond  C=N),  but  loses  the 
absorption  at  1638,  1619  or  1648  cm-1  for  each  monomer’s  C=C 
groups.  This  indicates  the  copolymer  is  obtained  by  the  way  of  the 
breaking  each  monomer’s  double  bonds  C=C,  while  maintains  the 
main  characteristics  of  the  monomers,  as  shown  in  Scheme  1 .  Based 
on  the  molecular  weight  of  P(MMA-VAc),  1.26  million,  which  was 
prepared  under  the  similar  conditions  [  1  ],  it  can  be  inferred  that  the 
molecular  weight  of  the  P(MMA-AN-VAc)  should  be  over  1  million. 

3.2.  NMR  spectrum 

Fig.  2  presents  the  NMR  and  13  C  NMR  spectra  of  the  copoly¬ 
mer.  Fig.  2a  shows  a-methyl  protons  (CH3)  and  the  methylene 
protons  (CH2)  on  main  chain  of  copolymer  at  the  range  of  around 
1.0-1.45  and  1.8-2.25,  respectively.  The  peak  at  2.55  is  caused  by 
the  proton  of  DMSO  solvent.  The  peaks  at  2.8-3.25  are  ascribed  to 
the  proton  peaks  of  methine  carbon  (CH)  on  main  chain  which  is 
connected  with  cyanate  carbon  (C=N)  in  copolymer.  The  peak  for 
methoxy  protons  (O-CFI3 )  connected  with  adjacent  carbonyl  group 
in  the  MMA  unit  is  at  3.45.  The  peak  at  around  3.65  is  due  to  the 
methine  protons  (O-CFI)  connected  with  carbonyl  carbon  on  main 
chain  of  copolymer,  which  is  corresponding  to  the  VAc  chain  [21,22]. 

Fig.  2b  shows  the  methylene  carbon  (CH2)  at  27-295,  the 
methine  carbon  (CFI)  at  33-345,  and  cyanate  carbon  (CN)  at 
120-1215  [24].  This  is  matched  with  the  typical  carbon  of 
P(MMA-AN-VAc)  and  is  in  agreement  with  the  results  obtained 
from  FTIR  spectra.  The  mole  ratio  of  MMA,  AN  and  VAc  units  in 
P(MMA-AN-VAc),  obtained  from  hydrogen  atom  number  calcula¬ 
tion,  is  0.9 : 1.9: 1.  This  is  in  accord  with  the  monomer  ratio  of  starting 
materials. 

3.3.  SEM  image 

Fig.  3  presents  the  SEM  images  of  the  P(MMA-AN-VAc)  mem¬ 
brane  before  and  after  the  immersion  in  liquid  electrolyte.  In 
the  phase  inversion  process,  the  porous  membrane  is  formed  by 
exchange  between  solvent  (DMF)  and  non-solvent  (water).  It  can 
be  seen  from  Fig.  3a  that  the  self-supported  membrane  has  a  large 
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Scheme  1.  Synthesis  route  of  P(MMA-AN-VAc)  copolymer  prepared  by  emulsion  polymerization. 
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Fig.  2.  1 H  NMR  spectrum  (a)  and  13C  NMR  spectrum  (b)  in  P(MMA-AN-VAc). 


number  of  pores  with  an  average  diameter  of  0.5  fxm  on  the  surface 
and  plenty  of  interconnected  pores  under  the  surface,  which  are 
necessary  for  a  membrane  to  have  high  ionic  conductivity.  Fig.  3b 
shows  the  SEM  image  of  the  dried  P(MMA-AN-VAc)  membrane 
after  immersion  in  electrolyte  (1  M  LiPF6  in  EC/DMC/DEC  (1:1:1  in 
mass)).  The  mass  of  the  dried  membrane  after  immersion  is  almost 
equal  to  that  of  the  membrane  before  immersion.  It  can  be  seen 
from  Fig.  3b  that  the  membrane  almost  keeps  its  interconnected 


pore  structure  after  the  immersion.  This  indicates  that  the  mem¬ 
brane  is  stable  chemically  when  it  absorbs  the  liquid  electrolyte. 

3.4.  XRD  pattern 

Fig.  4  shows  the  XRD  patterns  of  PMMA,  P(MMA-AN)  and 
P( MMA-AN-VAc).  In  Fig.  4a,  one  relatively  strong  diffraction  peak 
is  found  at  20  =  12.9°  for  PMMA,  which  reflects  the  crystallization 
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Fig.  3.  SEM  images  of  dry  P(MMA-AN-VAc)  membrane  before  (a)  and  after  (b)  immersion  in  liquid  electrolyte. 
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Fig.  4.  X-ray  diffraction  patterns  of  PMMA  (a),  P(MMA-AN)  (b)  and 
P(MMA-AN-VAc)  (c). 

of  polymer  [23].  P(MMA-AN)  also  has  diffraction  peaks,  indicating 
that  P(MMA-AN)  is  characteristic  of  crystallization,  as  shown  in 
Fig.  4b.  This  result  is  consistent  with  that  reported  by  Shi  et  al.  [24]. 
P(MMA-AN-VAc)  has  the  similar  diffraction  with  P(MMA-AN),  as 
shown  in  Fig.  4c.  It  can  be  found  by  comparing  Fig.  4b  and  Fig.  4c  that 
the  diffraction  peaks  of  P(MMA-AN-VAc)  are  broader  and  weaker 
than  those  of  P(MMA-AN),  indicating  that  P(MMA-AN-VAc)  has 
lower  crystallinity  than  P(MMA-AN).  Based  on  the  calculation 
using  the  MDI  Jade  5.0  program,  the  crystallinity  of  P(MMA-AN) 
and  P(MMA-AN-VAC)  is  29.02%  and  11.04%,  respectively.  PVAc 
is  amorphous  [25],  thus  the  addition  of  the  monomer  VAc  to 
P(MMA-AN)  may  reduce  the  crystallinity  and  increase  the  amor¬ 
phous  nature  of  the  copolymer,  leading  to  reduce  the  energy  barrier 
to  the  chain  movement  [25  ].  Therefore,  the  lower  crystallinity  of  the 
P(MMA-AN-VAc)  is  expected  to  contribute  high  ionic  conductivity 
to  the  P(MMA-AN-VAc)-based  GPE. 

3.5.  Thermal  stability 

Fig.  5a  presents  the  DSC  curve  of  P(MMA-AN-VAc)  copolymer 
membrane  from  -50  to  80  °C.  The  glass  transition  temperature  (Tg) 
of  the  copolymer  is  only  39.1  °C,  much  lower  than  that  of  pure  PAN 
(about  90 °C)  [26,27],  PMMA  (113  °C)  [28],  or  P(MMA-AN)  (98  °C) 
[29].  This  confirms  that  the  copolymer  is  formed  by  the  copolymer¬ 
ization  among  three  monomers  rather  than  the  co-mixture  of  PAN, 
PMMA  and  PVAc.  The  lower  Tg  of  the  copolymer  weakens  the  inter¬ 
action  between  the  ionic  liquid  electrolyte  and  copolymer  matrix, 
which  will  help  the  segmental  motion  and  thus  increase  the  ionic 
conductivity  of  the  GPE. 


Fig.  6.  Linear  sweep  voltammograms  on  stainless  steel  for  GPE  with  P(MMA-AN) 
(a)  and  P(MMA-AN-VAc)  (b)  as  matrixes,  scanning  rate:  1  mV  s-1. 

The  thermal  stability  of  the  copolymer  was  determined  by 
TGA  under  N2  atmosphere  from  room  temperature  to  700  °C  at 
a  heating  rate  of  10°Cmin_1.  The  obtained  result  is  shown  in 
Fig.  5b.  It  can  be  seen  from  Fig.  5b  that  the  copolymer  is  stable 
up  to  310  °C.  This  indicates  that  P(MMA-AN-VAc)  has  better  ther¬ 
mal  stability  than  P(MMA-AN),  whose  thermal  stability  is  lower 
than  300 °C  [2,12]. 

3.6.  Mechanical  strength 

The  mechanical  strength  of  the  P(MMA-AN-VAc)  membrane 
was  determined  at  a  crosshead  speed  of  10  mm  min-1  at  room 
temperature.  The  obtained  fracture  strength  of  the  membrane 
is  8.21  MPa,  which  is  far  higher  than  that  of  the  P(MMA-AN) 
membrane  (4.88  MPa)  [29].  This  phenomenon  can  be  interpreted 
by  the  addition  of  VAc  monomer  which  has  excellent  mechanical 
stability  [17]. 

3.7.  Electrochemical  stability 

Fig.  6  presents  linear  sweep  voltammograms  of 
P(MMA-AN-VAc)-  and  P(MMA-AN)-based  gel  electrolyte, 
obtained  from  the  cell  SS/GPE/Li.  It  can  be  seen  from  the  curve  (a) 
of  Fig.  6  that  the  P(MMA-AN)-based  gel  electrolyte  decomposes  at 
about  4.5  V  (vs.  Li/Li+).  Flowever,  the  P(MMA-AN-VAc)-based  gel 
electrolyte  is  stable  up  to  5.6  V  (vs.  Li/Li+ ),  as  seen  from  the  curve  (b) 
of  Fig.  6.  This  indicates  that  P(MMA-AN-VAc)-based  gel  electrolyte 


Fig.  5.  DSC  (a)  and  TG  (b)  curves  of  P(MMA-AN-VAc)  membrane. 
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Fig.  7.  The  Nyquist  plot  of  the  cell  SS/P(MMA-AN-VAc)-based  GPE/SS  at  room  tem¬ 
perature. 

has  better  electrochemical  stability  than  P(MMA-AN)-based  gel 
electrolyte. 

3.8.  Lithium  ion  transference  number 

The  lithium  ion  transference  number  (t+)  in  GPE  is  one  of  the 
most  important  parameters  that  affect  the  performance  of  lithium 
ion  battery.  It  can  be  obtained  by  CA  and  EIS  according  to  the  fol¬ 
lowing  equation  [30]: 

Is(AV-IoRo) 

+  I0{AV-ISRS)  1  j 

where  AV  is  the  potential  applied  to  the  cell  in  CA,  /0  the  initial 
current,  Js  the  steady-state  current,  R0  the  charge  transfer  resis¬ 
tance  before  the  polarization,  and  Rs  is  the  steady-state  charge 
transfer  resistance  after  the  polarization.  The  charge  transfer  resis¬ 
tances  were  determined  by  EIS.  The  ideal  value  of  t+  is  one,  since  the 
t+  lower  than  one  would  tend  to  develop  concentration  gradients 
at  electrode  surfaces  and  leading  to  limiting  currents  [31  ].  In  fact, 
the  oxygen  and  nitrogen  atoms  of  solvent  molecules  in  electrolyte 
always  coordinate  with  lithium  ions  and  anion  ions  in  electrolyte 
afforded  a  fraction  of  conductivity,  the  t+  in  electrolyte  is  far  lower 
than  one.  In  GPE,  the  t+  is  about  0.5. 

In  this  work,  the  used  A  Vis  10  mV,  the  measured  Jo  and  Js  were 
2.85  and  1.52  [xA,  and  the  measured  R0  and  Rs  were  341  and  381  £2, 
respectively.  The  obtained  t+  from  Eq.  (1)  is  0.51,  which  is  slightly 
higher  than  that  of  PMMA-blend  system  [32]  or  PVdF-HFP  system 


[33].  The  higher  transference  number  can  help  to  decrease  concen¬ 
tration  polarization  in  the  inner  battery,  thus  the  battery  can  work 
under  high  current  density  [34,35]. 

3.9.  Ionic  conductivity 

In  order  to  determine  the  ionic  conductivity,  GPE  was  sand¬ 
wiched  between  two  parallel  SS  discs  (diameter  0  =  16  mm).  The 
ionic  conductivity  (cr)  was  calculated  from  the  bulk  electrolyte 
resistance  (R)  according  to  the  following  equation: 


where  l  is  the  thickness  of  GPE,  and  5  is  the  contact  area  between 
GPE  and  SS  disc.  The  bulk  electrolyte  resistance  R  was  obtained  by 
EIS. 

Fig.  7  presents  the  Nyquist  plot  of  the  GPE  with  P(MMA-AN- 
VAc)  as  matrix  at  room  temperature.  It  can  be  seen  that  the  imag¬ 
inary  part  of  the  impedance  is  linearly  related  to  its  real  part.  The 
intersection  of  the  straight  line  with  the  real  part  axis  is  the  bulk 
electrolyte  resistance  (R).  The  ionic  conductivity  of  the  GPE  calcu¬ 
lated  from  Eq.  (2)  is  3.48  x  10-3  S  cm-1  at  room  temperature,  which 
is  higher  than  that  of  the  GPE  with  P(AN-MMA)  as  matrix  [10,12]. 

The  high  ionic  conductivity  of  the  P(MMA-AN-VAc)-based  GPE 
should  be  ascribed  to  the  interconnected  pores  in  P(MMA-AN-VAc) 
membrane,  the  high  lithium  ion  transference  number  and  the 
increase  in  amorphous  phase.  Unlike  other  GPE,  in  which  the 
increase  in  ionic  conductivity  is  usually  at  the  cost  of  chemical 
and  mechanical  stability,  the  P(MMA-AN-VAc)-based  GPE  has  not 
only  high  ionic  conductivity  but  also  high  chemical  and  mechanical 
stability. 

To  further  understand  the  conductivity  mechanism  of 
P(MMA-AN-VAc)-based  GPE,  the  ionic  conductivity  of  the 
GPE  was  determined  under  different  temperatures.  The  abso¬ 
lute  temperature  dependence  of  the  ionic  conductivity  of 
P(MMA-AN-VAc)-based  GPE  is  shown  in  Fig.  8.  The  ionic 
conductivity  increases  with  the  absolute  temperature,  but  it 
is  not  related  to  the  absolute  temperature  in  a  linear  relation¬ 
ship,  as  shown  in  Fig.  8a.  This  suggests  that  the  conductivity  of 
P(MMA-AN-VAc)-based  GPE  does  not  obey  the  Arrhenius  law. 
On  the  other  hand,  the  experimental  result  can  be  well  fitted 
by  the  Vogel-Tamman-Fulcher  (VTF)  equation,  as  shown  in 
Fig.  8b.  This  behavior  is  characteristic  of  the  amorphous  polymeric 
electrolytes  [36],  which  follows  free-volume  model  [37,38].  The 


Fig.  8.  Temperature  dependence  of  ionic  conductivity  of  P(MMA-AN-VAc)-based  GPE,  dot:  experimental;  line:  fitted  results  with  Arrhenius  equation  (a)  and  VTF  equation 
(b). 
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Vogel-Tamman-Fulcher  (VTF)  equation  is  [39]: 
or  =  AT~ exp  -  ^ 


0) 


where  A  and  B  are  the  constants  related  to  the  number  of  charge 
carriers  and  the  activation  energy  for  ion  conduction,  respectively, 
T0  is  the  reference  temperature  and  usually  approximate  to  the 
glass  transition  temperature  Tg.  T0  obtained  from  fitting  is  313.38  K 
(40.23  °C).  This  is  close  to  the  Tg  obtained  by  the  DSC  measurement. 


4.  Conclusion 


A  new  gel  polymer  electrolyte,  based  on  self-supported 
P(MMA-AN-VAc),  was  developed  in  this  paper.  The  developed  GPE 
has  high  ionic  conductivity  as  well  as  high  electrochemical,  ther¬ 
mal  and  mechanical  stability.  The  high  ionic  conductivity  can  be 
ascribed  to  the  low  crystallinity  of  the  P(MMA-AN-VAc)  and  inter¬ 
connected  porous  structure  of  the  P(MMA-AN-VAc)  membrane. 
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